The hydrostatic primitive-equation numerical model we used earlier to study the basic dynamics of heat lows in an idealized flow configuration is extended to investigate the effects of orography. Calculations are carried out over a heated land mass with an elevated plateau for the case with no surrounding sea, as well as with the sea present. We investigate the effect of the shape of the terrain on the mature heat low. In the presence of orography the mixed layer over land becomes deeper than without orography and the induced flow is stronger also. The width of the plateau influences among other things the relative vorticity distribution and the nocturnal jet development. The flow behaviour in the presence of orography provides an explanation for the different vertical profiles of vertical velocity in heat lows discussed in the literature.
Introduction
Over significant land masses, especially at low latitudes during the warmer and drier months, a large surface sensible heat flux to the atmosphere results in a relatively deep convectively well-mixed boundary layer during the day. Such regions are normally associated with low surface pressure and a cyclonic circulation below about 700 hPa. These so-called heat troughs or heat lows may be thought of as low-level maxima in cyclonic relative vorticity which are linked to horizontal gradients of diabatic heating. Heat lows are important for several reasons: they interact with low latitude fronts and with upper level troughs; they influence the pattern of low-level flow, which, in turn, may determine preferred regions in which deep convection might be triggered and/or where polluted air might be transported; and they may play a role in monsoon development. It may be significant that heat lows occur mostly over regions of elevated terrain (Australia, Iberian Peninsula, Mexico, Tibetan Plateau). Indeed, several papers have alluded to the importance of orography, but its dynamical influence remains to be elucidated.
The low-level airflow over northern Australia is dominated by two surface heat troughs in the easterlies for much of the year. The stronger of the two is normally the one centred over northwestern Australia, typically over the elevated terrain of the Pilbara and Kimberley Ranges, while the second trough develops over the Cloncurry area in Queensland. Model solutions by Fandry and Leslie (1984) indicate that orography is of only marginal importance in producing the western trough, whereas the high east coast orography is significant in the formation of the eastern trough. Hart (1990) investigated mean vertical velocity profiles over northern Australia for January, a time of year when heat lows are prominent synoptic features in this region. He inferred a deep layer of ascending motion in the evening in contrast to other studies, such as that over Saudi Arabia by Blake et al. (1983) , where ascent occurred only below 800 hPa and only during the day. The significant downward motion found by Hart occurs in the morning hours only at heights above the 600 hPa level under cloudless skies. We show below that this difference can be attributed to the orography. Hart examined the suggestion by Otterman (1974) and Charney (1975) in the context of the Sahel drought, that increases of surface albedo in semi-arid regions associated with human activity modify the surface radiation budget so as to enhance subsidence over the region. He argued that this could only be a minor effect over northern Australia. The most striking feature of the vertical velocity profiles is their strong diurnal variation, particularly in the vertical velocity. Hart observed that the diurnal variation is not just confined to the coast, the changes in vertical motion occur also inland over the plateau. Using a linearized analytic model, Adams (1993) compared the flows induced by orographic forcing and heat-induced forcing when the orographic distribution and the heating distribution have a similar structure. He showed that the two responses have many similarities. Both forcing mechanisms excite downstream waves with the same wavelength.
Over Europe, the heat low that forms over the Iberian Peninsula is a prominent feature of the low-level flow in summer. Gaertner et al. (1993) showed that the strength of the low is closely related to terrain characteristics. They noted that three forcing mechanisms dominate the dynamics over the northern part of the Peninsula during the summer: the land-ocean thermal contrast; the existence of topographic features and the land cover inhomogenities. Their results suggest that the difference in the depth of the well-mixed layer between the lower lying areas to the south of the plateau and the plateau, itself, is the main factor determining the thermal low intensity.
In a recent paper, we described a numerical study of the basic dynamics of heat lows over a level heated land mass surrounded by sea (Rácz and Smith 1999, hereafter referred to as RS). The study helps to understand some of the observed aspects of heat lows, including their shallow nature, the existence of a convergent cyclonic circulation at low levels, a divergent anticyclonic circulation aloft, the late afternoon timing of the minimum surface pressure, and the maximum relative vorticity at night. The same numerical model is used here to investigate the effects of orography on the dynamics of heat lows in idealized flow configurations with a quiescent environment. Calculations are carried out for the case of plateau with no surrounding sea, as well as with the sea present.
A brief description of the numerical model is given in Section 2, and the results of the numerical experiments are presented in Section 3. A summary of the results and the conclusions are presented in Section 4.
The numerical model
The model used is the hydrostatic, primitive-equation, numerical model formulated in σ-coordinates (x, y, σ) on a Southern Hemisphere f-plane described by RS, to which a simple radiation scheme has been added. The horizontal coordinates (x, y) refer to the zonal and meridional directions and σ = p/ps, where p and ps are the pressure and surface pressure, respectively. The radiation scheme is that used by Raymond (1994) and includes a solar radiation heating profile, a long-wave cooling rate and diurnal variation in the troposphere. The details of the scheme are given in the Appendix. We summarize the salient features of the model in Table 1 . The model equations and method of solution are detailed by RS.
(a) Initial conditions and experimental design
Calculations are carried out to investigate the effects of the orography on the dynamics of heat lows. The range of numerical experiments is summarized in Table 2. In the first two experiments there is elevated terrain in the centre of the computational domain. The height of the terrain in metres has the form of a symmetric function where r is the distance in kilometres from the domain centre and r0 and n are constants with r0 = 480 and n = 4. This function represents a plateau, about 400 km broad, with a maximum height of 600 m (Fig. 1 ). Calculations are carried out for the case with no surrounding sea, as well as with sea present. Subsequently we refer to these calculations as PNS (plateau/no sea) and PS (plateau/sea), respectively. In further experiments the width of the plateau is varied. The widest plateau (r0 = 640, n = 8) has a summit diameter of 800 km (WP) and the Gaussian-like orography (G), with r0 = 400, n = 2 has a simple peak. The model is initialized with the same mean potential temperature profile as in RS, which is based on radiosonde data from Townsville (146
The profile is typical of ocean conditions for the region of interest. As in RS, the constant sea surface temperature Tss is 25
• C and the surface albedo 0.3. We compare the results of the calculations with orography with those of an experiment with a flat circular land surface surrounded by sea (IS). 
Results of the numerical experiments (a) Flow evolution
In all calculations the flow is initiated in a quiescent environment by imposed heating. After an initial spin-up period, a mature heat low develops over the land/plateau in all the experiments. During this period the maximum depth of the well-mixed layer over land gradually increases to reach a quasi-steady value, while the actual depth shows a marked diurnal variation. The other variables such as relative vorticity, temperature and wind show also a diurnal variation which becomes repeatable from day to day.
(b) Mature stage
We define the mature stage as that stage in which the net heating rate throughout the whole troposphere during a day is nearly zero. In this stage, as during the evolution period, the heat low undergoes a pronounced diurnal cycle. Figure 2 shows the diurnally-averaged vertical profiles of contributions to the net heating rate from solar radiation, terrestrial radiation, horizontal advection and turbulent transfer over the centre of the plateau during a diurnal cycle in the mature stage. The mean vertical distribution of the heating rate due to the terrestrial long-wave radiation is negative. The rate of cooling decreases with height and is effectively zero above 10 km. The magnitude of the cooling in the upper troposphere is significantly underestimated by the grey-atmosphere model. This is due primarily to the neglect of water vapour, which results in strong cooling in these levels. The mean solar radiation tendency is positive in the troposphere and is approximated by a Gaussian profile with a maximum at 4 km (see Eq. A.3 in the Appendix). The heating effect of ozone in the stratosphere is ignored. The long-and short-wave radiative heating tendencies are similar to those shown by Raymond (1994) and are realistic in the lower troposphere. Turbulent transfer is important in the first kilometre, whereas the advective contribution extends up to a height of 5 km. The sum of the tendencies is indicated by the solid line and is approximately zero; there is almost no residual heating. Starting with the mature state conditions at 6 am, the model is integrated for a two-day period so that continuous segments of a diurnal cycle may be illustrated.
The first calculations are carried out for the case with orography in the middle of the domain with no surrounding sea (designated PNS) as well as with sea present (designated PS). The shape of the orography is defined by Eq. 1. We show the results of the two experiments side by side in order to highlight the role of the sea and the orography. In some cases we show also the results for the circular heated flat island (designated IS).
(c) Sea/land breeze Figure 3 shows time-height series of zonal wind up to a height of 4 km at a point just inland from the coast for a one day sequence. The heating of the lower troposphere through dry convection over land leads to a horizontal density difference that in turn results in a flow circulation akin to a sea breeze, with air flowing from the ocean towards the warmer land. The left panel in figure 3 shows the fully developed sea breeze circulation at the coast in the case of the circular island (Expt. IS). The sea breeze begins about 1400 h and has a maximum strength in the evening at about 2100 h, but its maximum depth of about 1.2 km occurs in the late afternoon. The associated return flow aloft is a prominent feature between 1 and 3 km. The see breeze is replaced by a land breeze at about 0400 h, which persists until the sea breeze onset on the following day. In this case the land breeze is rather weaker than the sea breeze. In the case PS the sea breeze starts a little later than in Expt. IS, at about 1400 h, and remains until about 0600 h (Fig. 3, right) , when it is again replaced by a land breeze circulation. The maximum wind speed in the sea breeze regime is a little stronger than in Expt. IS and the maximum wind speed is located higher. The land breeze is comparable in strength with the sea breeze, but its depth is shallower than in the case IS, reaching to a maximum height of 600 m. What is seen as the upper return circulation of the sea breeze in the left panel in Fig. 3 appears now as a region of reduced onshore flow; it is dominated by the broader scale circulation induced by the topography. Note that in the mature stage, the individual flow components such as the sea breezes are not growing in a quiescent environment, but rather in a broader scale flow to which they and other components contribute; henceforth we refer to this broadscale flow as the broadscale circulation associated with the heat low.
(d) Wind on the slopes
The flow in the presence of orography is more complicated than it is over a flat island as anabatic winds develop over the slopes during the day and shallow katabatic winds during the night, both affecting the flow over the plateau and the broadscale circulation associated with the heat low. The left panel of Fig. 4 shows time-height isotachs of zonal wind up to a height of 4 km at a point midway up the slope (about 300 km inland) for a one day sequence for the case PS and the right panel shows the corresponding isotachs for the case of a plateau without sea (PNS). During the day, absorption of solar radiation warms the air near the land surface and the air near the sloping ground becomes warmer than that in the free atmosphere at the same height. The warmer air flows from the lowland up the slope as an anabatic wind. The onshore flow seen in Fig. 4a is a combination of the anabatic wind, the sea breeze and the broadscale vertical circulation due to the established heat low. It is stronger and deeper than the sea breeze at the coast and reaches a maximum strength at 2330 h, two and a half hours later than the sea breeze in Fig. 3a . The subsiding, offshore flow (dashed contours) over the slope starts at about 0500 h and persists until about 1400 h; it is essentially a land breeze and is associated with subsidence over the plateau. The subsidence over the slope at night in Expt. PNS (Fig. 4b) is absent on account of the absence of sea. The anabatic wind during the daytime is stronger than in Expt. PS because with no sea there is no land breeze to weaken the flow. In both these calculations there is no evidence of a shallow katabatic wind and we conclude that such a wind is either too shallow to be resolved by the model or, more likely, that it is dominated by the broadscale circulation associated with the heat low. We consider now the spatial structure of the flow in a vertical west-east cross-section through the centre of the plateau (indicated by the grey rectangle in Fig. 1 ) at selected times of day during the mature stage of the heat low. Figures 5 -12 show a series of such cross-sections at 1500 h, 0000 h, 0300 h and 0800 h. As in Fig. 4 we adopt the convention that the left panels show the case with surrounding sea and right panels without sea. The main features of a diurnal cycle in the two experiments are as follows.
(e) Afternoon conditions
During the day a convectively well-mixed layer builds up over the land in each case. In Expt. PS, the isolines of zonal wind show a complex structure at 1500 h (Fig. 5, left) . The beginnings of the sea breeze are evident at very low levels near the coast beneath the remnants of the land breeze circulation. There is a well-developed anabatic flow over the slopes of the orography. The last remnants of the outflow associated with subsidence over the plateau are still in evidence above the plateau, itself. In Expt. PNS (Fig. 5, right) , the sea breeze is absent and no land breeze occurs that could weaken the anabatic circulation. Thus the maximum onshore wind is larger than in Expt. PS.
The isotachs of the meridional wind speed are shown in Fig. 6 . The solid contours at low levels indicate a southerly flow (i.e. motion into the page), while the dashed contours show northerly flow. Thus a cyclonic circulation appropriate to the Southern Hemisphere occurs over the slopes and the plateau in both experiments, with the maximum speed occurring near the top of the slope. At larger heights, the meridional wind becomes anticyclonic. In Expt. PS the maximum occurs above the coastline at a height of 2.5 km, while in Expt. PNS it occurs higher and further inland and the maximum speed is larger.
(f) Nighttime conditions
At night the air over the land stabilizes at low levels on account of the continued inland penetration of sea breeze air, the radiative cooling of the free atmosphere and the turbulent transport of heat to the radiatively-cooled ground. The stabilization of the air near the ground leads to the formation of the pronounced nocturnal low-level jet over land (note that the steepness of the terrain is greatly exaggerated in all the figures: in reality the rise of 600 m occurs over a horizontal distance of about 350 km).
Figures 7 and 8 show the isotachs of zonal wind and vertical wind speed, respectively, for Expts. PS and PNS at 0000 h. At this time there is a strong inland flow above the slope with the maximum on the upper half of the slope. This flow is stronger and deeper in Expt. PNS, and the maximum occurs near the top of the slope in this case. There is an offshore return flow aloft extending to a height of about 4 km in Expt. PS and to a height of about 5 km in Expt. PNS (not indicated in the figure).
Strong ascent occurs in two broad "plumes" near the edges of the plateau, these regions have the form of a symmetrical elliptical annulus in the three-dimensions. The subsidence over the slopes, indicated by dashed lines, is strongest in Expt. PNS. 
(g) Early morning conditions
The early morning hours are characterized by a rapid increase in the low-level relative vorticity in the early morning hours as shown in Fig. 9 . The relative vorticity signature above the plateau is weak during the afternoon when the convective mixing is at its peak, but its magnitude increases steadily after sunset (figure not shown). This behaviour is similar to that in the case without orography discussed by RS. At 0300 h the vorticity is strong and cyclonic over the plateau in both cases as indicated by the dashed contours in Fig. 9 . In Expt. PS the vorticity is cyclonic below 2.5 km and anticyclonic above this level (Fig. 9, left panel) , while in Expt. PNS it remains cyclonic to a height of 3 km (Fig. 9,  right panel) . The relative vorticity signature has a maximum at 0400 h in Expt. PNS and about 0500 h in Expt. PS in both cases at a height of about 100 m, indicating a strong connection with the nocturnal low-level jet.
A prominent feature of the potential temperature field is the development of a deep well-mixed layer during the afternoon. The remnants of this layer, characterized by uniform potential temperature, are still evident at night over the top of the plateau and also over the surrounding plain in the case without sea. The isolines in both panels of Fig. 10 show the residue of the well mixed layer at 0300 h, which attains a depth of about 3.5 km in Expt. PS (Fig. 10, left panel) and more than 4 km in Expt. PNS (Fig. 10, right panel) . During the night a low-level stable layer develops, gradually deepening to about 200 m around sunrise. Stabilization of the near-surface layers recommences at night because of the horizontal advection of cooler air on to the plateau and the mechanically-forced turbulent heat flux to the cooler ground surface. The simple radiation scheme used here was added to the present version of the model to prevent an upward drift in mean temperature during many days of model integration, but it is not capable of producing a large radiative-flux divergence near the surface (see the profile of cooling shown in Fig. 2 ). Thus we do not see the development of a shallow nocturnal inversion over the plain in Expt. PNS as near-surface wind speeds are small there. The inversion and mixed-layer depths over the plateau are nevertheless characteristic of those observed over central Australia, for example, during the late dry season (Smith et al., 1995) . . The isotachs of zonal wind speed in this experiment at 0800 h show the downslope motion over a depth of about 2 km with a maximum over the rim of the plateau (Fig. 11 , left panel). At very low levels a shallow anabatic flow is evident. In the case without sea the land breeze is absent (Fig.11, right panel) .
The contour lines in Fig. 12 show the vertical component of flow as in Fig. 8 . Subsidence over the plateau is strongest in Expt. PNS, as indicated by the narrow strip of dark shading above the centre of the plateau, but it occurs also in Expt. PS. This subsidence feeds the low-level downslope flow above the plateau in Expt. PS. Adjacent to the subsidence region is a region of weak ascent. In Expt. PNS the air that is subsiding over the centre of the plateau flows outwards and re-ascends in the upflow above the slopes.
(i) Pressure velocity profiles, ω(p)
We compare here the computed profiles of pressure velocity ω(p) = dp/dt with those from two different studies reported in the literature (here d/dt denotes the material derivative). Hart (1990) used routine upper wind data for northwestern Australia from the Bureau of Meteorology archive for January 1979. The areal extent of this region is comparable to that of the model plateau with a maximum height of 600 m. Hart's mean vertical velocity profiles show deep upward motion in the evening, at about 2000 h local time, in contrast to reported profiles over the Saudi Arabian heat low (Blake et al., 1983) . The Saudi Arabian profiles, which are based on data collected during the Monsoon Experiment (MONEX) in 1979, show ascending motion only below the 800 hPa level, even during the day. Subsidence at upper levels is a persistent feature of these observations. The terrain in the region where the most of measurements were made is relatively flat with variations on the order of two hundred meters over six hundred kilometres. Figure 13 shows profiles of ω(p) for Expts. IS, PNS and PS at a location 160 km from the domain centre. Over the flat island the vertical motion is relatively weak, while in the cases with orography, ascent occurs over a deep layer, up to 500 hPa, as in the observations reported by Hart (1990) . These differences show that that orography plays an important role determining the pattern of vertical motion above the heat low and suggest that the differences in vertical motion diagnosed by Blake et al. (1983) and Hart op. cit. could be a result of the differences in orography in the two regions of study.
(j) Variation of the width of the plateau
Further experiments, in which the width of the plateau is varied show that the nocturnal low-level jet is a prominent feature in all cases. We summarize the salient results of these without showing figures. Over the wider plateau (Expt. WP) a shallower mixed layer develops during the day. At nighttime the upward motion and relative vorticity signatures are weaker than in Expt. PS. The nocturnal low-level jet develops more strongly, but does not reach the middle of the plateau. The well-mixed layer is deepest in the calculation with Gaussian-orography (Expt. G) and at night the inversion layer is well developed over the entire land mass. Moreover, the upward motion in the evening is stronger than in the other calculations with orography, and is accompanied by a stronger cyclonic relative vorticity signature at that time.
Conclusions
We have investigated the dynamics of a heat low in the presence of orography using an idealized numerical model with a boundary-layer parameterization and a simplified representation of radiative transfer. The calculations reproduce the main observed properties of heat lows occur over elevated terrain including: the lowest minimum pressure in the late afternoon; a cyclonic circulation at low levels; a divergent anticyclonic circulation aloft.
In all the calculations a convectively well-mixed layer builds up over the land and has a maximum depth in the case of the plateau not surrounded by sea. The maximum zonal velocity in a vertical cross-section through the domain centre is the highest in this case and it is the weakest in the calculation over a flat island. In the latter case the zonal velocity shows regions of strong onshore flow near the two coastlines marking the coastal sea breezes. In the calculations with a plateau the sea breezes are weaker and there is an anabatic wind over the orographic slopes.
The presence of a nocturnal low-level jet over land is a prominent feature in all calculations. The low-level wind maximum over the flat island is weaker than that over the plateau and the relative vorticity signature is strongest at night in the case with a plateau surrounded by sea because the remnants of the anabatic wind reinforce the low-level convergence.
The pattern of vertical motion has a richer structure in the cases with orography, and this structure does not have a significant diurnal variation. The vertical motion over the plateau is strongest in the case with no sea; in the other cases it is inhibited by the stronger static stability that occurs over the sea. The presence of orography leads to a deeper mixed layer and higher wind speeds. The top of the well-mixed layer is higher over the plateau than over the plain. These differences provide an explanation for such different vertical structures that have been observed above heat lows over Saudi Arabia and over northwestern Australia.
The width of the plateau influences the wind strength over the plateau and the magnitude of the relative vorticity. Over a relatively narrow plateau, for example, in the case with Gaussian-orography, ascending motion is stronger at night than over a wider plateau because the slope winds reinforce the upward flow above the terrain peak. The vorticity signature is stronger in this case also. In contrast, the nocturnal jet is strongest when the flow is able to spread out horizontally above the plateau. 
